Ultrathin Ce 2 O 3 layers have been grown on Si(111) by reactive metal deposition in an oxygen background and characterized by x-ray standing waves, x-ray diffraction, x-ray photoelectron spectroscopy, and low-energy electron diffraction to elucidate and quantify both atomic structure and chemical composition. It is demonstrated that highly ordered, mostly B-oriented, epitaxial ceria films can be achieved by preadsorption of a monolayer of atomic chlorine, effectively passivating the substrate and thereby suppressing cerium silicate and silicon oxide formation at the interface.
I. INTRODUCTION
The realization of high-quality, epitaxial thin oxide films on silicon is a long-standing goal in semiconductor technology and may ultimately be regarded as a requirement to maintain the exponential increase in integration density witnessed in microelectronics over the past decades, which is commonly referred to as Moore's law. Generally, further downscaling of field-effect transistor (FET) devices is strongly impeded by exponentially increasing leakage currents in the gate oxide region due to the tunneling effect through thin-film insulators. To overcome the associated inevitable power loss, the gate oxide thickness has to be increased at constant or even enlarged capacitance density. This conservation of capacitance is crucial for correct device operation since it delimits the accessible range of charge carrier density in the inversion layer and thus the achievable source-drain current at given gate voltage. 1 Hence, this goal may only be achieved using insulating materials that exhibit a higher dielectric constant k than, e.g., SiO 2 , which has been the oxide of choice in conventional FETs due to its otherwise favorable electronic properties.
Among other applications, e.g., in catalysis, 2 cerium oxide is very promising for the realization of novel "high-k" dielectrics due to its predicted high thermodynamic stability in contact with silicon. 3 In contrast to other binary oxides e.g., HfO 2 , that may only be deposited as amorphous oxide films, it provides two crystallographic phases that are promising for epitaxial growth on silicon, offering the possibility for interface engineering 4 by molecular beam epitaxy (MBE), which is expected to result in reduced leakage currents. While both the fluorite (CeO 2 ) and the cubic bixbyite phase (Ce 2 O 3 ) may generally be used as high-k dielectrics, the very small lattice mismatch of CeO 2 to silicon (∼−0.35%) 5 and its even higher k-value of more than 50 (Refs. 6 and 7) make this form more attractive. However, growth 5, 8, 9 of high-quality ultrathin films, which is crucial for optimized integration, has so far been considerably impeded by Ce-promoted Si oxidation at the interface, resulting in subsequent silicon oxide and cerium silicate formation. [10] [11] [12] Yet, despite its higher lattice mismatch of about 2.7% using two silicon lattice constants as reference, 13 cubic Ce 2 O 3 is generally believed to be well suited as a buffer layer for sequential CeO 2 deposition due to its lower oxidation state, potentially avoiding the concomitant evolution of SiO x and CeSi x O y species. These low-k defect phases give rise to significant interfacial charge trapping while lowering the dielectric constant of the film and increasing the effective oxide thickness (EOT) of the metal insulator semiconductor field-effect transistor (MISFET) structure. 6 Consequently, previous attempts in direct growth of CeO 2 on Si(111) have resulted in worse MISFET performance with respect to saturation drain current and subthreshold behavior, effectively making intentionally postoxidized stack structures with a considerably thickened amorphous interface layer still more attractive. 6 Hence, fabrication of a defect-free, high-k, epitaxial interface layer remains of crucial importance for the realization of novel MISFET structures with further decreased EOTs.
Conceivable routes to overcome the challenges presented by the high reactivity at the oxide-silicon interface could, in principle, range from attempts to influence the growth kinetics by varying the ceria growth rate, oxygen partial pressure, and substrate temperature 14 to approaches that incorporate surface active agents, e.g., hydrogen, 6, 14, 15 to stabilize the interface before reactive cerium deposition in an oxygen background. The latter option, unfortunately, carries the disadvantage that the relatively low desorption temperature of hydrogen from silicon [about 450
• C (Ref.
16)] imposes an upper limit on the growth temperature range, which directly affects the level of crystalline quality of the film that can be obtained.
In this contribution, we present an extensive study of cerium oxide films epitaxially grown on chlorine-passivated Si(111) by reactive MBE under ultrahigh-vacuum conditions. After introducing the cerium oxide-chlorine-silicon system by supplemental methods, we focus on the application of the x-ray standing-wave (XSW) technique for ultrathin oxide film analysis and the role of the growth modifier Cl (see Sec. III D). Chlorine, whose (1 × 1)-reconstructed adsorbate structure on Si(111) is well known from several studies, [17] [18] [19] including the XSW technique, 20, 21 serves multiple purposes in this context. First, the Cl/Si(111)-(1 × 1) system is known to be very stable against oxidation and contamination under near-UHV conditions, 18 which is exploited in the initial growth phase where oxidation of the silicon surface would be most disruptive for subsequent cerium oxide film formation. Second, the desorption temperature of chlorine from Si(111) amounts to about 680
• C, 22 allowing for considerably increased growth temperatures as compared to hydrogen preadsorption. Lastly, again in contrast to hydrogen, chlorine can also easily be traced by spectroscopic techniques, enabling the determination of the chlorine binding site and elucidating its role in the cerium oxide growth mechanism.
II. EXPERIMENTAL
All investigations presented here were performed at the Hamburg Synchrotron Radiation Laboratory (HASYLAB), which is located at the Deutsches Elektronensynchrotron (DESY) in Hamburg, Germany. At the undulator beam line BW1, the samples were prepared and characterized in situ under UHV conditions employing XSW, x-ray photoemission spectroscopy (XPS), and low-energy electron diffraction (LEED). The XSW experiments were conducted in a nondispersive setup employing a water-cooled Si(111) double-crystal monochromator including an asymmetrically cut second crystal for improved phase contrast, using primary photon energies between 2.4 and 5.9 keV. The x-ray reflectometry (XRR) and (grazing-incidence) x-ray diffraction [(GI)XRD] investigations were conducted ex situ at a photon energy of 10 keV provided by the wiggler beam line BW2.
In the case of the XSW measurements, the preparation of the samples started from polished, RCA-cleaned Si(111) crystals while in all other experiments also conventional Si(111) wafers were used. After degassing the samples for at least 12 h at a temperature of 630
• C, the samples were annealed at a temperature of 880
• C for the RCA-cleaned samples and flashed to temperatures of 1200
• C for the wafers, respectively, to remove the protective silicon oxide layer. The resulting (7 × 7) reconstruction was monitored by LEED. [For a representative diffraction pattern, see Fig. 1(a) ].
For the reference samples, cerium oxide was grown by reactive MBE on the clean Si(111)-(7 × 7) surface at a substrate temperature of 500
• C, employing an electron beam evaporator for deposition of metallic Ce at preset oxygen background pressures between 1 × 10 −7 and 1 × 10 −6 mbar. Typical cerium oxide growth rates amounted to 2-3Å/min as determined from XRR.
In the modified growth recipe, first, the Si(111) samples were terminated by 1 monolayer (ML) of atomic Cl by Cl 2 saturation exposure from a AgCl electrochemical source 21, 23 at a substrate temperature of 600
• C (cf. Ref. 21 ). The complete removal of the dimers and stacking faults of the (7 × 7) reconstruction results in a threefold-symmetric, sharp (1 × 1) LEED pattern, which, depending on the electron kinetic energy, exhibits an entire absence of either of the two sets of three symmetrically equivalent first-order spots [ Fig. 1(b) ]. In the next step, cerium oxide films were grown by reactive MBE at otherwise unchanged conditions, i.e., applying the same substrate temperature, cerium deposition rate, and oxygen partial pressure. 
III. RESULTS AND DISCUSSION
In the following sections, we present our experimental results for cerium oxide growth on Cl-passivated silicon substrates and compare these with reference samples prepared without Cl preadsorption. Using XPS (Sec. III A), we analyze the film morphology, the oxidation state, and its dependence on oxygen partial pressure for film thicknesses up to a few nanometers. Furthermore, surface crystallinity is assessed by qualitative LEED for few-atomic-layer-thin cerium deposits (Sec. III B). In addition, we also report our findings for thicker deposits based on XRR and XRD regarding lattice constants, film orientation, film and interface morphology, and structure (Sec. III C). Finally, using XSW we characterize the atomic structure of ultrathin films and reveal the role of the adsorbed Cl in cerium oxide growth (Sec. III D).
A. X-ray photoelectron spectroscopy
We start off our discussion by comparing the chemistry of cerium oxide films grown on the clean Si(111)-(7 × 7) surface and chlorine-passivated Si(111) by reactive MBE at substrate temperatures of 500
• C and preset oxygen background pressures. For improved readability, we use a shorthand notation for the preparation conditions as follows: Oxide deposition at 1 × 10 −7 mbar and 5 × 10 −7 mbar on substrates with and without chlorine passivation will be labeled by "(1-Cl)," "(5-Cl)," "(1)," and " (5)," respectively. Furthermore, when comparing XRD results obtained at ambient conditions, we add respective labels for capped and uncapped samples in the figure captions.
In Fig. 2 , representative Ce 3d photoemission spectra are presented for an incident photon energy of 2.4 keV, from which the Ce oxidation states in the films can be inferred. Qualitatively, all spectra look very similar, regardless of Cl preadsorption [ (1) the few-nanometer thin film, we may conclude that the film is chemically uniform.
Information regarding the lateral film morphology can be deduced from the variation of the integral Si 1s intensity observed in XPS ( Fig. 3 ) with oxide thickness. After the growth of a -nm thin film using recipe (1-Cl) and using a primary photon energy of 2.4 keV, the peak intensity has essentially dropped to zero, proving the formation of a continuous Ce 2 O 3 film.
Whereas the chemical properties of the films apparently do not change for oxygen partial pressures up to 5 × 10 −7 mbar and film thicknesses in the few-nanometer range, Cl preadsorption and variation in oxygen partial pressure do result in profound changes in cerium oxide film and interface structure, which is shown based on LEED and XRD in the next sections.
B. Low-energy electron diffraction
A distinct difference between the different growth recipes is noticed when comparing the respective LEED patterns. The very faint (1 × 1) diffraction spots that appear for recipe (1) completely vanish when changing to recipe (5) (images not shown), pointing toward substantial noncrystallinity of the film, probably due to increased silica or silicate formation with increasing oxygen partial pressure. However, an opposite trend is observed for cerium oxide growth on the Cl-terminated silicon surface. For growth recipe (1-Cl), on average only a very faint, threefold (1 × 1) LEED pattern is noticed, which becomes much stronger for (5-Cl), indicating the growth of an ordered cerium oxide film of cubic symmetry [see Fig. 1 (c)] while hexagonal 26 and monoclinic 27 phases can be excluded. Thus, in combination with the XPS results presented in the preceding section, which corroborate the presence of Ce 3+ for all preparation conditions investigated, we infer that the cerium oxide films grown on silicon are composed of cubic Ce 2 O 3 ; i.e., they crystallize in the cubic bixbyite structure. We also point out that an increased oxygen partial pressure seems to reduce surface crystallinity in the case of oxide growth on the bare surface, whereas it appears to be beneficial in the case of oxide deposition on the Cl-passivated surface.
In the following, we test these rather qualitative considerations by quantitative XRD analysis for film thicknesses in the few-nanometer regime (Sec. III C) and by x-ray standing waves for truly ultrathin films with a nominal cerium oxide coverage of about 1-2 nm (Sec. III D).
C. X-ray reflectivity and diffraction
Representative XRD data recorded in the vicinity of the specular Si(111) Bragg reflection of a cerium oxide film, which was grown at a substrate temperature of 500
• C according to recipe (1) and capped at room temperature by a 30-nm-thick amorphous silicon layer for protection, is shown in Fig. 4(a) . In this XRD section, we use surface coordinates to describe reciprocal space, i.e., in-plane lattice vectors in the [112] and [121] directions and out-of-plane in the [111] direction with layer spacing periodicity. Furthermore, we reference the scattering vector (H KL) to the dimensions of the primitive Brillouin zone of the Si crystal using the same coordinate system as a reference. For example, in the case of momentum transfer exhibiting only a normal component Q ⊥ , these "reciprocal lattice units" (r. l. u.) are related to the layer spacing periodicity d Si by the relation Q ⊥ = L(2π/d Si ), yielding the relation (111) bulk = (001) surface between the conventional bulk and the introduced surface notation. According to Fig. 4(a) , the position of the Bragg peak of the film yields a lattice plane period of 3.28Å, which is about 1.8% larger than the reported value for the O x -Ce-O x trilayer 28 (TL) periodicity of the bulk Ce 2 O 3 cubic bixbyite structure (3.22Å). Additionally, a quantitative analysis of the pronounced fringes in the diffracted intensity yields an average crystalline cerium oxide film thickness of 5.1 ± 0.1 nm. Further information regarding the interface morphology may be derived from the observed asymmetry of the oxide Bragg peak and the overall modulation of the oscillation amplitude. Physically, these characteristics can be related to a phase shift between the diffracted beams of the crystalline overlayer and the substrate, which is attributed to the existence of an amorphous buffer layer. 29 A quantitative XRD analysis according to Ref. 29 based on the kinematic theory of x-ray diffraction [represented by the solid line in Fig. 4(a) ], which also includes the features discussed above, yields a thickness of 1.7 nm for the interface layer that originates from Ce-catalyzed silicon oxide (SiO x ) and silicate (Si-O-Ce) formation. 10 This structural model is corroborated by the XRR investigations as shown in Fig. 4(b) . While the short-period oscillations allow to determine the thickness of the capping layer, the more extended modulations are caused by the thin cerium oxide layer and the interface. The quantitative analysis yields a 1.4-nm-thick interface layer, which is in very good agreement with XRD. In the following, we show that the lower limit of a few nanometers for the silicate thickness may be pushed down to the ML range by introducing an atomic layer of Cl at the interface.
The (00L) XRD data obtained in the vicinity of L = 1.0 for recipe (1-Cl) are shown in Fig. 5(a) . From the position of the overlayer Bragg peak, a contracted TL periodicity of 3.13Å is deduced, which is close to the expected value of 3.12Å for CeO 2 . The apparent discrepancy with the XPS data presented in Sec. III A is reconciled when this change in oxidation state is attributed to postoxidation of the film at ambient conditions because in this case no silicon capping was applied, a hypothesis that was verified by XPS after the XRD measurement (data not shown). Theoretical simulation yields a crystalline film thickness of 2.5 nm. But what is most striking is the result for the amorphous interface layer, which amounts to only 0.4 nm and is thus on the order of a single trilayer, proving that, despite postoxidation, it is indeed possible to virtually suppress silicate formation.
We now move on to a more detailed investigation of the crystalline properties of the oxidized cerium oxide film. Figure 5 (b) shows two in-plane cuts through reciprocal space at the L values of 0.875 and 1.15 r.l.u., i.e., at the first-order maxima of the oscillation determined from the corresponding (00L) crystal truncation rod (CTR) depicted in Fig. 5(a) . Based on a Lorentzian fit of the peak profile in the K direction, a lateral grain size of (220 ± 20) nm is inferred. Again, this result demonstrates the relatively high degree of crystallinity of the oxide film, especially considering the postoxidation process.
In Fig. 6 , a cut along the (01L) CTR, i.e., at a fixed, nonvanishing in-plane (H K) component of the scattering vector, is displayed, thereby effectively probing the stacking sequence of the film at the interface. The strong intensity observed at L ≈ 1 3 and L ≈ 4 3 (both denoted B in the figure) correspond to the (111) and (202) Bragg peaks (bulk coordinates), respectively, for B-oriented cubic cerium oxide, hence indicating the presence of a stacking fault at the interface, which has already been observed for ceria growth on H-passivated Si(111). 30 However, the discernible peak at L 2 3 suggests the coexistence of domains exhibiting regular, A-type stacking and can be associated with the (020) reflection, which is allowed for the fluorite structure (Fm3m) but forbidden for the diamond structure (Fd3m). It should be noted that the pronounced modulations of the diffracted intensity in the vicinity of the (01 corroborating the findings from the analysis of the (00L) CTR data.
In the following, we move on to the investigation of few-monolayer thin films using XSW to characterize the film crystallinity and the interface at the initial growth stage as well as the role of chlorine in the growth process, which cannot be deduced from the diffraction data presented above.
D. X-ray standing waves
For clarity, this section has been subdivided into three parts. In the first section, we introduce the XSW analysis for epitaxial films using the bixbyite structure as an example. In the second section, we present our experimental results for the ultrathin cerium oxide films grown for the four recipes discussed in Sec. III A. Finally, in the last section we investigate the function of chlorine preadsorption in the growth process.
Theoretical XSW analysis of ultrathin bixbyite films
In this section we present the more fundamental aspects of our XSW analysis of epitaxial Ce 2 O 3 bixbyite films. Here, we use the conventional bulk notation for reciprocal space. Further information regarding the determination of crystalline film structures using XSW can be found, e.g., in the review article by Zegenhagen. 31 In an XSW experiment, the Bragg reflectivity and the intensity of an element-specific inelastic signal, e.g., x-ray fluorescence, are simultaneously monitored. By fitting the reflectivity and the yield of the secondary signal according to the dynamical theory of x-ray diffraction, 32, 33 XSW allows to selectively determine the modulus f hkl c ("coherent fraction") and phase hkl c ("coherent position") of the (hkl) Fourier component of the spatial distribution function of the contributing atoms. 34 In the following, we discuss the interpretation of the Fourier coefficients F hkl = f hkl c exp(2πi hkl c ) for the special case of h = k = l = 1 and the cubic bixbyite film geometry.
The ideal atomic structure of a single layer of bixbyite Ce 2 O 3 (111) on Si(111) is shown in Fig. 7 . Contrary to the case of CeO 2 , which crystallizes in the cubic fluorite structure with one well-defined Ce position, the Ce atoms occupy symmetrically inequivalent sites with respect to the (111) diffraction planes; hence, it is only the average Ce distance Ce,max = 0.945 for the unstrained bixbyite geometry, i.e., using the same bond lengths as in the bulk crystal. This value is considerably smaller than unity, which is the value that would be expected for single-site CeO 2 .
A further decrease of f 111 c
arises from measurements at finite temperature T (here 300 K), resulting in thermal vibrations of the investigated atoms. Although generally difficult to quantify theoretically or experimentally, 31 this incoherent motion can be expected to give rise to an anisotropic Debye-Waller factor D hkl (T ), which typically is on the order of about 0.95 for moderately heavy atoms. In the isotropic limit, this factor is given by D(T ) = exp(−2B sin 2 
B /λ
2 ) with the Bragg angle B , the wavelength λ of the incident X rays, and the atomic displacement factor B = 8π 2 u 2 , which can be calculated from the atomic vibration amplitude u. As a consequence, the Debye-Waller factor limits the upper boundary of f c to D hkl f 111 Ce,max even in the case of perfect structural order. Defects, e.g., at the interface between the film and the substrate, may be represented by an additional factor 0 U 1, which describes the percentage of randomly distributed Ce atoms with respect to the substrate. 31 The measured coherent fraction is then given by the product
Ce,max . In the case of epitaxial growth on non-lattice-matched substrates, the mismatch in lattice constants will give rise to a shift in the coherent position as well as a decrease of the coherent fraction, scaling with the number of layers. For example, for a 5-TL-thick Ce 2 O 3 film exhibiting a bulklike layer periodicity and structure and neglecting both thermal vibrations and partial disorder, the ideal coherent fraction is slightly reduced to 0.917 simply by geometry, as compared to 0.945 for the single trilayer. Moreover, compressive lateral strain typically concurs with an even further expanded vertical lattice constant of the film, which will result in a further decrease of the coherent fraction. This situation is schematically illustrated in Fig. 8 for the case of three Ce 2 O 3 trilayers, where an increasing distance between the trilayer center (average vertical Ce position) and the (111) diffraction planes with an increasing number of trilayers is readily observed.
It is instructive to visualize the result of the numerical XSW simulation in the Gaussian (complex) plane, in which Fig. 9(b) ], respectively. Especially in the latter case, it is clearly visible that the coherent fraction is decreased stepwise with increasing number of trilayers while the layerwise shift in the coherent position leads to a distinct rotation around the origin. Comparing the cases in Figs. 9(a) and 9(b), we note that double strain release does not result in a doubled layerwise shift due to the already different bulk lattice constants at zero strain release, effectively giving rise to an offset 0 and yielding a total layerwise shift depending on strain release z as = 0 + z . Therefore, as a general result we may conclude that if the number of layers is known, e.g., due to the use of a calibrated deposition source, and if the film is assumed to be perfectly ordered and homogeneous, then a comparison with the experimental XSW result will impose a distinct upper limit on the amount of vertical strain release since the simulated fraction may not be smaller than the experimental one. Furthermore, we may also analyze the coherent position and, starting from the experimentally determined position and using the projected layerwise shift in the reverse direction, deduce the average position of the Ce atoms in the lowest trilayer with respect to the underlying silicon crystal; i.e., we may determine the interface distance d int introduced earlier (cf. Fig. 7 ), albeit only modulo the silicon layer spacing d 111 (3.14Å). Hence, we may also gain information on the interface thickness from XSW.
While the bixbyite film geometry leads to a maximal coherent fraction for the cation site in the idealized case of vanishing lattice mismatch and zero strain release between the oxide film and the substrate, the inverse characteristic is noted for the anion site. The periodicity of the oxygen sublattice planes in the (111) direction induces a relative denotes the layerwise shift in coherent position for an increasing number of trilayers, while 0 marks the coherent position of the Ce atoms in the lowest (first) trilayer, which can be deduced from the experimental result.
phase shift of π for adjacent planes, i.e., = 0.5, which results in the cancellation of the individual contributions of inelastic signals from consecutive sublattice planes to the total XSW yield. Also in the more realistic case of finite lattice mismatch and strain release up to a few percent, the coherent fraction for an oxygen-specific signal will remain close to zero (f 111 O,max 0.1), impeding a structural analysis of the oxygen sites within the film.
Experimental XSW results for oxide growth on Cl-passivated and unpassivated substrates
XSW data were recorded in Si(111) Bragg reflection at a photon energy of 5.9 keV using Ce Lα fluorescence as a secondary signal. In Fig. 10(a) , the reflectivity and yields are shown for samples grown at an oxygen partial pressure of 1 × 10 −7 mbar with and without Cl passivation. For the conditions (1-Cl) and (1), we obtain coherent fractions f 111 Ce of 0.40 and 0.49, respectively, while the coherent position 111 Ce = 1.00 is the same for both recipes. Because of the same nominal film thickness, these Fourier coefficients indicate a slightly decreased crystalline order of the Ce atoms for (1-Cl).
A striking difference in the XSW results is noticed when the oxygen pressure is increased to 5 × 10 −7 mbar [ Fig. 10(b) ]. In this case, we observe a strongly increased coherent fraction of 0.70 for recipe (5-Cl) as compared to 0.51 for recipe (5) , while the coherent positions turn out to be very similar. However, the increased oxygen pressure does not have quite an impact on the crystallinity of the oxide film prepared without Cl passivation since (5) essentially leads to the same result as (1) (within the error bar).
For the quantitative XSW simulation of results for recipe (5-Cl), we assumed a laterally fully strained Ce 2 O 3 film of 5-TL thickness using a trilayer spacing of 3.32Å as determined from continuum elasticity theory based on experimental elastic constants for CeO 2 displacement parameter of B = 0.45Å 2 at room temperature as determined by neutron diffraction. 36 Perfect agreement with the experimental value of 0.70 can be obtained by taking into account modified Ce sites, yielding a disordered fraction of about U = 0.1, only weakly depending on the exact value of
is assumed]. Since this value indicates that fewer than the number of Ce atoms within a single trilayer are affected, we may speculate that mostly the Ce atoms at the interface are removed from their ideal bonding site. However, XSW modeling for sample (5) in an analogous fashion shows that about one-third (34%) of the Ce atoms appear to be disordered, which, in a similar picture, corresponds to the equivalent of about 1.7 trilayers. This interpretation indicates that more than just the direct interface between the cerium oxide film and the underlying substrate is affected, which therefore also points toward incoherent incorporation of Ce atoms within the film. Hence, together with the XRD analysis from Sec. III C, the XSW simulation clearly proves both the superior crystalline quality of the cerium oxide film as well as of the oxide-semiconductor interface obtained for recipe .
The coherent position 111 Ce amounts to 1.10 for recipe (5-Cl). Based on the same assumptions as presented in the analysis of the coherent fraction, we may deduce the values for the coherent position of the first trilayer to 0 = 0.98 and the interface distance to about d int = 3.1Å. Although not prepared at the same conditions, this value is compatible with the interface thickness determined from XRD for a thicker, uncapped film (0.4 nm) grown according to (1-Cl).
The effect of Cl passivation
Lastly, we analyze the role of the chlorine atoms in the growth process using the Si(111) XSW data ( Fig. 11) with Cl Kα fluorescence as a secondary signal recorded before [ Fig. 11(a) ] and after [ Fig. 11(b) ] oxide growth. For the Cl/Si(111)-(1 × 1) template, using a photon energy of 3.35 keV for an increased photoabsorption cross section, the 20, 21 After cerium oxide growth, we note a different behavior of the Cl atoms depending on pressure: For preparation according to (1-Cl), both the coherent fraction (0.55) and, especially, the coherent position (0.67) are considerably changed. Hence, we conclude that a relatively large number of Cl atoms change their adsorption sites upon cerium oxide deposition, rendering the Cl termination unstable at apparently oxygen-deficient conditions, potentially also favoring cerium oxychloride (CeOCl) formation. This situation, however, is significantly altered at more oxidizing conditions [(5-Cl)]. In this case, the coherent positions determined for the Cl/Si(111)-(1 × 1) template [0.78, Fig. 11(a) ] and after subsequent oxide growth (0.74) are very similar (almost within the error bar of about 0.01), suggesting a more effective passivation of the Si(111) substrate surface at elevated O 2 pressure with respect to oxidation or silicate formation, apparently resulting in an improved crystalline order of the ultrathin cerium oxide film. The slight deviation of the coherent position from the template value after oxide growth indicates that the majority of the Cl atoms most probably reside at the interface, but possibly in a slightly changed atomic bonding configuration. The decrease in coherent fraction from 0.71 to 0.56, however, might also be due to a small portion of Cl atoms that still got stripped off the interface on-top site and could be quite randomly incorporated into the film, filling the randomly distributed oxygen vacancies, analogous to the behavior of Cl dopant atoms in ceria growth on metal substrates. 37 Because of the out-of-phase condition for the averaged oxygen position in the bixbyite film with respect to the (111) diffraction planes (cf. Sec. III D1), such a Cl distribution manifests itself in a reduced overall coherent fraction at an essentially unchanged coherent position.
The notion of Cl atoms mostly residing at the interface following cerium oxide growth is consistent with Cl 1s XPS data recorded at a photon energy of 3.35 keV before and after growth of a 10-nm-thick oxide film (see Fig. 12 ). In the figure, a strong decrease in photoelectron intensity by one order of magnitude is observed, suggesting that up to about 90% of the Cl atoms remain at the interface to the substrate and thus invisible to XPS at these conditions since at a kinetic energy of about 530 eV the photoelectron escape depth is much smaller than the thickness of the film. We also note that the finding of Cl in the near-surface region supports the idea of partial Cl surface segregation, while extended oxychloride formation in the film is rendered unlikely.
Together with XPS, the XSW results suggest the following scenario: At too-low oxygen pressure, the Ce deposition rate is higher than the oxygen supply that is necessary for effective Ce oxidation, hence leading to partial cerium silicate or oxychloride formation. This interpretation would also be compatible with the sole existence of Ce 3+ ions as determined by XPS. At higher O 2 backfilling, however, the abundant oxygen molecules may readily be dissociated and subsequently bound by the metallic, highly reactive Ce, concomitant with the formation of a highly ordered cerium oxide layer, while the silicon substrate remains mostly terminated by chlorine, which protects the silicon layer from direct oxidation. Since all Ce is oxidized, the oxide layer will in turn stabilize the Cl termination at the interface. Even in the latter case, the presence of Cl at the surface may cause a reduced reactivity of Ce 3+ ions for further oxidation, 38 which prevents the growth of a fully oxidized CeO 2 film at conditions where Ce 4+ ions are readily formed at, e.g., transition-metal surfaces.
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IV. CONCLUSION
Using a multiscale characterization approach we have demonstrated that chlorine passivation is an effective means to almost completely suppress silicate formation in cerium oxide growth on Si(111) surfaces by reactive deposition of metallic Ce under oxygen backfilling, resulting in the formation of a continuous cubic Ce 2 O 3 (111) layer. Upon exposure to ambient conditions, the films are converted to a fully oxidized CeO 2 (111) fluorite structure exhibiting B-type stacking and an average lateral grain size of about 220 nm. However, the resulting interface layer is shown to remain truly ultrathin, i.e., on the order of about a single trilayer, even after postoxidation.
Furthermore, we find that, depending on the oxygen partial pressure during epitaxy, the Cl atoms show a tendency toward site exchange (low-pressure regime) or tend to remain at the on-top adsorption sites (elevated-pressure regime), concomitantly stabilizing the interface between the oxide film and the silicon bulk. These findings are expected to have significant implications for the whole class of rare-earth oxides 40 and their epitaxy on silicon and might eventually pave the road for the successful realization of future high-k dielectrics on silicon surfaces exhibiting sharp, atomically controlled interfaces.
